Abstract-An ultra-thin triple-band metamaterial absorber (MA) is proposed in the microwave region, which is composed of a periodic array of three rotated square rings (RSRs) and a continuous metal film separated by only 1 mm dielectric substrate. The fabricated MA exhibits three experimental absorption peaks at 4.88 GHz, 7.88 GHz, and 11.32 GHz with the corresponding absorption rates of 98.8%, 96.5%, and 95.9%, which shows an excellent agreement with the simulated results. The triple-band MA is polarization-insensitive at the normal incidence. Finally, the multi-reflection interference theory is introduced to interpretate the absorption mechanism. The calculated absorption rates of the improved unit cell for the strongly coupled MA coincide well with the simulated results at wide angles of incidence for both transverse electric (TE) and transverse magnetic (TM) waves.
INTRODUCTION
Over the past several years, electromagnetic (EM) metamaterials (MMs) with perfect absorption have attracted great interest from scientists in many research fields. The original work of ultra-thin metamaterial absorber (MA) was proposed by Bilotti et al. in the microwave region. That absorber consisted of an array of split ring resonators (SRRs) and a resistive sheet to absorb EM energy of the incident wave at the resonance frequency [1] . In 2008, Landy et al. experimentally demonstrated a perfect MA at 11.5 GHz, which was composed of a sub-wavelength sandwiched structure of electric ring resonators (ERRs), a dielectric substrate, and metal cut wires [2] . However, the high absorption of the MA is generally based on electromagnetic resonances, so its working bandwidth is relatively narrow. Recently, most of efforts are made on MAs to achieve polarization-insensitive absorption [3] [4] [5] , wideangle absorption [6] [7] [8] , multi-band absorption [9] [10] [11] [12] [13] [14] , and broadband absorption [15] [16] [17] [18] . Up to now, the MAs have been demonstrated in every technologically relevant spectral range, from the microwave region [1-5, 9-14, 17, 18] , the terahertz region [6, 15, 16] , to the infrared region [7, 19] , and even to the optical region [8, 20] .
The generally accepted idea is that by manipulating the electric and magnetic resonances of the MA independently, it is possible to achieve ε = µ, matching its impedance to the free space, and attain a large imaginary part in the refraction index n 2 simultaneously. Both the reflection and transmission waves are minimized at the same frequency and hence the absorption is maximized with the incident energy being converted into heat. However, the sandwiched MA can hardly be treated a homogenous material due to its inhomogeneity in the wave propagating direction and is not strictly characterized by the effective medium theory. Additionally, this theory can't study the interactions between the two metallic layers and therefore only qualitatively analyze the absorption mechanism. Recently, the interference theory is proposed to analyze uncoupled MAs where the near-field coupling between the two metallic layers is insignificant [9, [21] [22] [23] . For strongly coupled MAs, compensated patches are introduced to obtain the parasitic capacitance from the metal film and therefore the near-field coupling gets back [24] . As a result, we adopt the interference theory to analyze the absorption mechanism qualitatively.
In this paper, we investigate the absorption rates of the microwave triple-band MA numerically and experimentally, which consists of a periodic array of three rotated square rings (RSRs) and a continuous metal film separated by a dielectric substrate. Experimental results show that the MA exhibits three absorption peaks at 4.88 GHz, 7.88 GHz, and 11.32 GHz with the corresponding absorption rates of 98.8%, 96.5%, and 95.9%, which are in excellent agreement with the simulated results. This MA could operate well at different angles of incidence for both transverse electric (TE) and transverse magnetic (TM) waves. Finally, the multi-reflection interference theory is used to interpretate the absorption mechanism of the single-band MA. The calculated absorption rates of the improved unit cell agree well with the simulated and experimental results. Moreover, the interference theory is also effective for the strongly coupled MA at wide angles of incidence for both TE and TM waves.
DESIGN, SIMULATION, AND EXPERIMENT OF TRIPLE-BAND MA
The schematic diagram and geometric parameters of the triple-band MA unit cell are illustrated in Figure 1 (a). The unit cell consists of a sandwiched structure of three metallic RSRs, a dielectric substrate, and a continuous metal film. The top RSR structure is obtained by three closed square rings with a 45-degree rotation, which strongly couples to the incident electric filed and exhibits a pure electric response as counter-circulating currents in the unit cell eliminate any magnetoelectric response [25] . The incident magnetic field couples to the two metallic layers on both sides of dielectric substrate, which exhibits a magnetic resonance [9, 15] . We can obtain tailored electric and magnetic resonances at the same frequency by tuning geometric parameters of the unit cell and achieve a near-unity absorption. Because the RSR resonator possesses its fourfold rotational symmetry about the propagation axis, the triple-band MA is polarization-insensitive at the normal incidence [3] [4] [5] . The proposed MA is designed and optimized by CST Microwave Studio, which is based on the commercial finite difference time domain (FDTD) solver. Periodic boundary condition is set along the lateral directions of the MA and open boundary condition is set along the wave propagating direction. Frequency domain solver and hexahedral mesh are applied in our design. A lossy FR-4 substrate with relative permittivity ε r = 3.5 and loss tangent tan δ = 0.025 is used. The metallic material is copper with electric conductivity σ = 5.8 × 10 7 S/m. The final optimized geometry of the unit cell is given by: a = 14 mm, l 1 = 9.5 mm, l 2 = 6.3 mm, l 3 = 4.6 mm, w = 0.5 mm, and t = 1.0 mm. The transmission is zero in the whole frequency range due to the shielding of the copper film and thus the reflection is the only factor determining the absorption. Therefore, the absorption rate is calculated by
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The MA was fabricated into a 280 mm × 280 mm sample by printed circuit board (PCB) technology as shown in Figure 1(b) . The MA sample was characterized through free space reflection measurements in a microwave anechoic chamber. Figure 1(c) depicts the schematic diagram of reflection measurement. An Agilent PNA-X N5244A vector network analyzer and two broadband horn antennas were connected by a coaxial cable. Two antennas were used to emit and receive the electromagnetic wave. Many pyramid absorbing materials were placed around the MA sample to eliminate the electromagnetic interference from the surrounding environment. The distance between the sample and the antennas was set at about 2.5 m to avoid the near-field effect. A bare aluminum board with the same sizes as the sample was used as a calibration. The ratio of the reflection coefficients between the sample and the aluminum board was regarded as the reflection coefficient of the MA. The polarization-insensitive feature is characterized by rotating the antenna polarization angle from 0 • to 45 • . As shown in Figure 1(d) , the fabricated MA exhibits three perfect experimental absorption peaks at 4.88 GHz, 7.88 GHz, and 11.32 GHz with the corresponding absorption rates of 99.9%, 97.9%, and 97.8%, which shows an excellent agreement with our simulated results. Additionally, a 180 MHz frequency redshift in the second resonance occurs, which may be due to fabrication accuracy and measurement errors.
The simulated power-loss density distributions in the triple-band MA are monitored in Figure 2 , where Figures 2(a), 2(b) , and 2(c) represent the power loss distributions of the incident wave at 4.84 GHz, 8.06 GHz, and 11.28 GHz, respectively. In Figure 2 , each distribution of the power-loss density corresponds to a resonance frequency point and a RSR structure. Most of the power loss takes place in the upper and lower parts of the RSR and the dielectric losses occur in between the two metallic layers where the EM field is very large [2, 9] . It is easily observed that the larger-size RSR corresponds to a lower-frequency resonance, while the smaller-size RSR corresponds to a higher-frequency resonance. This resonance characteristics are similar to those of the cut wires and circular patch structures [15, 16] . Therefore, the MA with three RSRs of different geometric parameters can achieve a perfect triple-band absorption.
To better study the polarization-insensitive feature of the proposed MA, we plot the simulated and experimental absorption rates at an polarization angle of 45 • under the normal incidence, as given in Figure 3 . The absorber shows three experimental absorption peaks at 4.88 GHz, 7.88 GHz, and 11.32 GHz with the corresponding absorption rates of 98.6%, 97.8%, and 95.5%, which agrees well with the simulated results and those shown in Figure 1 (c). These results validate that this absorber is polarization-insensitive at the normal incidence. The absorption rates of the triple-band MA at different angles of incidence for TE and TM waves are depicted in Figure 4 . For the case of TE wave shown in Figure 4 (a), three perfect peaks at 4.88 GHz, 7.88 GHz, and 11.32 GHz are achieved at the normal incidence. With the increasing angle of incidence, the peaks slightly decrease and have respective absorption rates of 84.2%, 75.7%, and 76.6% at an incidence angle of 60 • . When the incident angle further increases, the peaks suddenly decrease, as the y component of the incident magnetic field drops rapidly to zero and can no longer effectively induce a strong magnetic resonance. For the TM case given in Figure 4 (b), the absorption rates almost remain the same at the three resonance frequencies. This is because the direction of the incident magnetic field remains unchanged at different angles of incidence and it can efficiently drive a strong magnetic resonance. It should be noted that an additional absorption peak appears at the frequency of about 9.8 GHz at wide incidence angles from 30 • to 80 • for the TM wave, which is mainly caused by a higher-frequency resonance of the larger-sized RSR structure. These results demonstrate that the triple-band MA could achieve high absorption rates at wide angles of incidence for both TE and TM waves.
MULTI-REFLECTION INTERFERENCE THEORY
For simplicity, we only take the lower-frequency resonance for example. In the following, the singleband MA with only the large-size RSRs is proposed. In contrast to the original triple-band MA, the two lower-size RSR structures are removed and the others keep unchanged, as illustrated in Figure 5 (a). The MA unit cell consists of the larger-sized RSR and a continuous metal film separated by a dielectric substrate. This absorber was fabricated into a 180 mm × 180 mm sample as presented in Figure 5 (b). For an uncoupled MA, it can be treated as a decoupled system where the near-field coupling between the RSR array and the copper film can be neglected. As depicted in Figure 6 , the MA system contains two interfaces: one is the RSR layer and the other is the copper film. The RSR resonator acts as a part of the reflection surface which can reflect/transmit a part of the incident wave. The copper film works as a perfect reflector with a reflection coefficient of −1, i.e., S 23 = −1, and therefore the transmission through the MA is zero. The total reflection is the superposition of the multiple reflections at the RSR interface: 
where S 11 , S 22 , S 12 , and S 21 are the reflection and transmission coefficients of the RSR interface, k is the corresponding propagation wavenumber, d = t/ cos(arcsin(sin α/ √ ε)) is the propagation distance of the transmitting wave from the RSR layer to the metal film, α is the angle between the incidence wave and the normal of the RSR interface, and ε is the complex permittivity of the dielectric substrate.
To attain a near-unity absorption at the resonance frequency, i.e., the reflection coefficient is almost zero. We simulate the isolated RSR layer by CST Microwave Studio. As illustrated in Figure 7 (a), the copper film is removed from the unit cell shown in Figure 5 (a) and the thicknesses of air and the FR4 substrate are set to 7.5 mm. In Figure 8 , an analytical absorption peak of 98.2% at 5.38 GHz is achieved using the original unit cell. Compared with the simulated and experimental results, the frequency blueshift of about 0.54 GHz occurs, which is caused by the neglection of the near-field coupling between the two metallic layers. Next, we introduce four copper patches into the unit cell to compensate parasitic capacitance from the copper film and therefore the near-field coupling between two metallic layers gets back. Figure 7 (b) plots the improved unit cell, whose additional parameters are given as follows: p = 9.85 mm, g = 5.4 mm, and w 2 = 0.85 mm. In Figure 8 , a perfect absorption peak is achieved at the frequency of 4.83 GHz. This calculated absorption rates using the improved unit cell coincide well with the simulated and experimental results given in Figure 5 (c). As a result, this method provides a robust and rational physical insight into the absorption mechanism at the normal incidence. The simulated absorption rates of the single-band MA at different angles of incidence for both TE and TM waves are plotted in Figures 9(a) and 9(b) . For the TM wave in Figure 9 (b), a similar Figure 8 . Calculated absorption rates of (a) original and (b) improved unit cells using the interference model. absorption peak at the frequency of about 9.40 GHz is obtained at wide incidence angles from 30 • to 80 • . A reduced 0.4 GHz of the resonance frequency is mainly due to the lack of the interactions between the larger-sized RSR structure and the others. Simulated results indicate that the single-band MA could work at wide angles of incidence for both TE and TM waves. Figures 9(c) and 9(d) display the calculated absorption rates of the improved unit cell using the interference model at different angles of incidence for both TE and TM waves, respectively. These calculated absorption rates for the strongly coupled MA coincide well with the simulated results at wide angles of incidence for both TE and TM waves.
CONCLUSION
In conclusion, we investigate the absorption rates of the triple-band MA numerically and experimentally in the microwave region. This MA is composed of a periodic array of three rotated square rings (RSRs) and a continuous metal film separated by only 1 mm dielectric substrate. The fabricated MA exhibits three absorption peaks at 4.88 GHz, 7.88 GHz, and 11.32 GHz with the corresponding absorption rates of 98.8%, 96.5%, and 95.9%, which is in excellent agreement with the simulated results. The triple-band MA is polarization-insensitive at the normal incidence. This absorber could operate well at different angles of incidence for both TE and TM waves. Finally, the multi-reflection interference theory is used to interpretate the absorption mechanism. The calculated absorption rates of the improved unit cell agree well with the simulated and experimental results. More importantly, we have successfully demonstrated that the interference theory is also effective for the strongly coupled MA at wide angles of incidence for both TE and TM waves. This proposed multi-band MA has many potential applications such as the spectroscopic detection and phase imaging of hazardous materials and prohibited drugs which require distinct absorption features at multiple frequencies.
